In order to describe morphologically the structures on the cell surface of bovine enterotoxigenic Escherichia coli, variants of reference strain B41 (K99+F41+) either negative for K99 and positive for F41 antigens (variants B41A, B41 *C), or phenotypically negative for both antigens (variants B41B 1 , B41 B2, B41 *CB), and a transconjugant harbouring the K99 plasmid and expressing the K99 adhesin [transconjugant B41 x H510a: H510(2)] were examined by transmission electron microscopy using negative staining. Several negative staining procedures were tested for strain B41 and variant B41A: direct harvesting of strains into ammonium molybdate (2%, w/v), with bacitracin (50 pg ml-l) as wetting agent, gave the best results. Three morphologically distinct structures on the cell surface could be identified in cultures grown on Minca medium. Firstly, thin, filamentous, flexible fibrillar structures, presenting a helical structure and a mean diameter of approximately 3 nm, were recognized as K99 fimbriae, since they were present on strain B41 and on transconjugant H510(2), but not on K99-negative variants nor on the recipient strain H510a. Secondly, coil-like structures with a diameter of about 17-20 nm were observed on strain B41 and on variants B41A and B41*C. These structures appeared to consist of two or more curled filaments (diameter 3 nm) joined to coil on themselves into dense spirals. They were very rare in variants B41B1 and B41B2 and were absent on variant B41 *CB and on a transconjugant B41* x B41 *CB, which had re-acquired the K99 plasmid and which again exhibited K99 fimbriae. Strains B41 and variant B41A grown at 37 "C for 24 h on sheep-blood agar exhibited coiled structures like those seen on Minca medium. In contrast, after growth at 18 "C for 48 h (which inhibits the synthesis of F41 antigen), coiled structures were no longer expressed on the cell surface of strain B41 and of variants B41A and B41*C. Thus the presence of coiled structures correlated with the expression of F41 antigen in strains and variants, which suggests that F41 had a coiled morphology. Finally, straight fimbriae (diameter 6.5-7 nm) were observed on the cell surface of every strain and variant. Their expression on the cell surface was enhanced by several subcultures in static broth, and it was inhibited by subculture on agar, but not by culture at 18 "C after serial subcultures in static broth. These facts indicated that the straight fimbriae could be common fimbriae, and excluded their being F41 structures.
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1977). More recently, an additional adhesin, named F41, has been demonstrated in K99 bovine ETEC strains of serogroups 0101 and 0 9 (de Graaf & Roorda, 1982; Morris et al., 1982) . Some porcine ETEC strains, lacking other well-known adherence factors, i.e. K88, K99 and 987P, have since been reported to bear the F41 adhesin (Morris et al., 1983) . Like K99, F41 possesses haemagglutinating and antigenic properties in addition to the adhesive ones (de Graaf & Roorda, 1982; Morris et al., 1982) . Chromosomal encoding of F41 has recently been demonstrated in a porcine ETEC strain (Moseley et a/., 1986) . The importance of the F41 adhesin in the virulence of strain B41 has been shown in an infant mouse model (Bertin, 1985) . In naturally infected species, the importance of F41 in virulence and protection by vaccination has not yet been clearly established. However, strains bearing F41, but not other well-known adhesins, colonized the small intestine, produced F41 in vivo and induced diarrhoea after inoculation in germ-free piglets (Morris et al., 1982 (Morris et al., , 1983 or in conventional colostrum-fed calves and piglets .
The structure of the K99 adhesin is now well established as fimbrial in nature, whether observed on whole cells (Burrows et al., 1976; de Graaf et al., 1980; van Embden et al., 1980; Chan et al., 1984) or in purified extracts (de Graaf et al., 1981; Jacobs & de Graaf, 1985) . In contrast, the structure of F41 adhesin is still controversial: it was initially described on whole cells of the mutant B41 M as rigid straight fimbriae approximately 3 nm in diameter (Morris et al., 1982) . Awad-Masalmeh et al. (1982) also reported straight fimbriae with a mean diameter of 5-1 nm on 10% of the cells from strains which were later described as bearing F41 (Morris et al., 1983) . However, in one porcine ETEC strain, thin, flexible fimbriae have been identified as the F41 adhesin, in preference to rigid, relatively thick fimbriae also present . Chan et al. (1984) could not distinguish F41 from K99 in some strains bearing both adhesins. In cell-free extracts of a K99-negative variant of bovine strain B41, Chanter (1983) described a purified anionic adhesin without regular fimbrial appearance, but the preparation contained occasional fimbria-like structures. On the other hand, the F41 adhesin has been identified, in purified preparations, as thin flexible threads with a mean diameter of 3.2-3-5 nm (de Graaf & Roorda; 1982 , Jacobs & de Graaf, 1985 .
The aim of this study was to elucidate, on the cells, the morphological details of the K99 and F41 structures and other fimbriae. The bovine ETEC reference strain B41 was examined by transmission electron microscopy, using several negative staining procedures. Variants of strain B41, either negative for K99 and positive for F41, or negative for both the antigens, and transconjugants of E. coli which had acquired the K99 plasmid and which expressed K99 antigen (Bertin, 1983 (Bertin, , 1985 , were also studied by negative staining. The influence of culture conditions on the expression of surface structures was also investigated.
M E T H O D S
Bacterialstrains. The origin, isolation and characterization of the strains (which are listed in Table 1 ) have been extensively described previously (Bertin, 1985) . E. coli strain K12 C600 was strain C600PK1046 isolated by P.
Kourilsky (Institut Pasteur, Paris, France). Bovine ETEC strains B41 and B41* (0101 : (K?), K99, F41 : H-) originated from the same strain B41 (Smith, 1971 ) but were provided by two different persons. They had the same phenotypic characteristics and differed from one another only by their plasmid content: strain B41* possessed only one large plasmid coding for K99 antigen, heat-stable toxin and antibiotic resistances (Tc, Sm, Su) . This plasmid could be lost by selection for tetracyclin-sensitive variants, providing strain B41 *C. A variant B41A isolated from strain B41 retained the K99 plasmid. Like strain B41*C it did not agglutinate with K99 antiserum but still agglutinated with F41 antiserum (phenotype: K99-F41+).
Non-haemagglutinating variants (sheep erythrocytes) were isolated from strains B41A and B41 *C. These variants (B41B1, B41B2, B41 *CB) did not agglutinate with F41 antiserum (phenotype: K99-F41-). Strain H510(2) originated from a non-pathogenic E. coli reference strain H510a (0101 : K(?) : H33) which had acquired the K99 plasmid from strain B41 and expressed K99 antigen. Strain B41*DB originated from strain B41*CB which had re-acquired the K99 plasmid and expressed K99 antigen (phenotype : K99+ F41-).
Serological detection of K99 and F41 antigens. Expression of K99 and F41 antigens was periodically checked by slide agglutination with sera prepared in rabbits. Specific anti-K99 serum was obtained by absorbing B41 antiserum with strain B41A grown at 37 "C on Minca medium (Guinee et al., 1977) , and specific F41 antiserum was obtained by absorbing B41A antiserum with the same strain grown at 18 "C on the same medium (Bertin, 1985) . Surface structures on bovine ETEC strain B41 985 Culture conditions. Every second month, each strain was grown overnight at 37 "C on trypticase soy agar slopes (TSA) (BioMerieux, Marcy-I'Etoile, 69752 Charbonnih-es-les-Bains, France). Unless otherwise stated, strains were grown on Minca medium (Guinee et al., 1977) , which optimizes K99 and F41 production , de Graaf & Roorda, 1982 . Cultures were grown for 24 h at 37 "C or 48 h at 18 "C. Growth on sheep blood agar was sometimes used in order to compare data with those of Morris et al. (1982) . TSA was used instead of Minca medium for strain K12 C600, which grew badly on Minca medium. In some cases, strains from TSA slopes were subcultured two to six times either on TSA slopes or into static trypticase soy broth (TSB) (BioMkrieux).
Subcultures were made every 24 h for growth at 37 "C and every 48 h for growth at 18 "C.
Clonestudies. Five to eight colonies were isolated from variants B4lA, B41B1 and B41B2. Each colony was then plated on TSA. After 24 h at 37 "C, one isolated colony from each plate was picked off, plated again on TSA, and grown overnight at 37 "C. The procedure was repeated three times, after which one isolated colony of each plate could be considered as a clone. Each clone was then grown on one TSA slope. After 24 h at 37 "C, cells were subcultured to Minca medium for the first examination by electron microscopy. Fifteen days later, the clones were observed again by electron microscopy, using cells taken from the same TSA slopes kept at ambient temperature and subcultured to Minca medium.
Electron microscopy. Strain B41 and variant B41 A were used to test different negative-staining procedures. Cultures were gently harvested either into distilled water or directly into negative stain. Since strain B41 selfaggregated in distilled water, the addition of a detergent, such as Tween 20 (l%, v/v) Tween 80 (l%, v/v) or Zwittergent 3-12 (Calbiochem-Behring) (1 %, vjv) was tested. Cells were also harvested into 0.85% NaCl (physiological saline) or into 0.425% or 0.212% NaC1. Samples (5 yl) of each bacterial suspension were put onto each of three carbon-Formvar-coated grids, which were subsequently dried on filter paper. When harvesting was not directly into negative stain, grids were floated in different negative stains for 0.5-2 min, and dried on filter paper. The negative stains tested were phosphotungstic acid (PTA) (2%, w/v), pH 7.0, and ammonium molybdate (2%, w/v), pH 7.3, with or without bacitracin (50pg ml-l) as wetting agent (Gregory & Pirie, 1973) . Uranyl acetate (2%, w/v) in methanol or in methanol/water (1 : 1, v/v) was also used for negative staining of the B41A variant. After these initial tests, direct suspension of bacterial cells into ammonium molybdate (2%, w/v) with bacitracin (50 yg ml-l) was used for every strain. For each strain, 20-50 cells on each of three grids were examined by transmission electron microscopy in a Philips EM300 microscope at an accelerating voltage of 60 kV. To assess the reproducibility of fimbrial structures on the cell surface, experiments were repeated three or four times [B41, B41A, B41B1, B41B2, H510 (2)]. Experiments to compare other strains or other culture conditions were done once or twice. Electron microscope magnification was calibrated with catalase crystals; the lattice spacing of 8.6 nm was used (Wrigley, 1968) . Measurements on catalase crystals were done immediately before and after the observation of each fimbrial structure.
R E S U L T S

Comparison of negatiue-staining procedures
Self-aggregation of strain B41 in distilled water was not prevented by adding detergents or by harvesting either into 0.212% NaCl or directly into PTA. Well-dispersed cell suspensions were obtained with 0.425% NaCl but precipitation of salts yielded unusable preparations after staining with ammonium molybdate or PTA (with or without bacitracin). Direct harvesting of strain B41 into ammonium molybdate with bacitracin abolished self-aggregation and led to very good staining.
Morphologically similar surface structures were observed whether variant B41A (K99-F41+) was directly harvested into PTA with bacitracin, into ammonium molybdate with bacitracin, or into uranyl acetate (2%, w/v) in methanol/water (1 : 1, v/v). No modification of surface structures was noted when negative staining was done after harvesting into distilled water. However, reproducible results and good images were more rapidly obtained by direct harvesting into ammonium molybdate with bacitracin. Therefore, this procedure was subsequently used for all negative staining, since this also avoided self-aggregation of strain B41.
Morphology of the surface structures
The types of surface structures observed on the various strains are summarized in Table 1 . Strain B41 exhibited three types of surface structures. Firstly, very thin (approximately 3 nm in diameter), long, flexible, helical fibrillar structures which were present all around the cells (Fig. 1, Fig. 2a) ; these were morphologically identifiable as K99, on the basis of previous structural studies. Similar structures were also expressed by the K99+ transconjugant H5 lO(2) 
Agglutination with anti-F1 and anti-K99 sera prepared in rabbits. $ +, Present; -, absent; (-) , fewer than five structures in 50 cells observed; k, a few fimbriae (fewer than 10 per cell) on the surface of some cells; + +, massive expression of fimbriae (more than 100 per cell) on most cells; ND, not done.
$ Growth on TSA before culture in Minca medium.
1) Several subcultures in TSB before culture in Minca medium.
( Fig. 2b) but not by the recipient strain H510a (not shown). K99 fimbriae were never observed on variants B41A (K99-F41+) (Fig. 3a,b) , B41Bl (K99-F41-) ( Fig. 5a) and B41B2 (K99-F41-) (not shown).
Secondly, most cells of strain B41 also showed shorter, coil-like structures (17-20 nm in diameter). Similar structures were also found on the surface of most cells of variant B41A (K99-F41+) and they were more easily seen without the K99 structures (Fig. 3a) . They were generally observed all around the cell. Similar structures were also present in large numbers in the medium. They were frequently loosely coiled, looking like slack spiral springs. Sometimes uncoiled structures were seen in the medium (Fig. 4) . It is possible that these structures consisted of two or more joined filaments, each approximately 3nm in diameter, which coiled on themselves into dense spirals. Variants B41B1 and B41B2 (K99-F41-) exhibited these structures very rarely: most cells were free of them and few coil-like structures (5-10 on one grid) were seen, either on the cell surface (never more than one per cell) or in the medium. Therefore, the presence of coiled structures correlated with the F41 -related serological and haemagglutinating properties of strain B41 and variant B41A. This result strongly suggests that F41 may be identified with these structures, which will be named F41 structures. In strain B41, K99 fimbriae and F41 structures were observed together on the surface of most of the cells; Fig. 1 shows a cell with K99 fimbriae predominant.
Finally, a few (less than 10 per cell) long straight fimbriae (diameter 6.5-7 nm) were sometimes observed with K99 fimbriae and F41 structures on the surface of strain B41. Fimbriae of this type were also sometimes seen on the cell surface of variants B41A (K99-F41+) (Fig. 3b) , B41B1 (K99-F41-) ( Fig. 5a) and B41B2 (K99-F41-) (not shown). Consequently, they could not represent F41 structures. When present on variant B41A these fimbriae generally coexisted with F41 structures on the cell surface ( Fig. 3b) or in the medium, except in one experiment in which massive expression of more than 100 fimbriae per cell was observed. An investigation into culture conditions was carried out to determine why such large numbers of these fimbriae were suddenly expressed (see below). K99 and F41 structures were also observed on the cell surface of the other strain B41 (B41*). Strain B41*C (K99-F41+) showed only F41 structures, whereas its variant B41*CB (K99-F41-) showed neither structure. Numerous K99 fimbriae and no F41 structures were present on the cell surface of the K99+ transconjugant B41 *DB (K99+ F41-). Straight fimbriae were sometimes observed on most B41* strains or variants, as on strain B41 and on its variants. K99 and F41 structures were never seen on the cell surface of strain K 12 (2600, but some cells of this strain exhibited a few straight fimbriae, with the same diameter as those described above (Fig. 5b) .
EBect of cultural conditions on the expression of cell surface structures
After culture on sheep-blood agar at 37 "C, cells of strain B41 and its variant B41A (K99-F41+) exhibited K99 and/or F41 structures like those seen when they were grown on Minca medium.
After two to five subcultures on TSA, strain B41*C and variant B41A exhibited only F41 structures on the surface of most cells. Variants B41B1 and B41*CB (both K99-F41-) showed some straight fimbriae and rare F41 structures on the surface of a few cells, after four subcultures on TSA. In contrast, several subcultures in TSB before culture on Minca medium resulted in massive expression of straight fimbriae on the cell surface of all the strains and variants tested (Table 1 ). K99 and F41 structures were also present in strains and variants which were serologically positive for K99 and F41. K99 fimbriae and/or F41 structures were never expressed after strains B41 and B41*C and variant B41A were grown on Minca medium at 18 "C, whether previous subcultures had been on TSA (one subculture) or in TSB (several subcultures). In contrast, large numbers of straight fimbriae were still observed on the cell surface of the six strains tested (B41, B41A, B41B1, B41*C, B41*CB and K12 C600) after culture on Minca medium at 18 "C following several subcultures in TSB at 37 "C. In addition, strain K12 C600 still exhibited straight fimbriae after two subcultures in TSB at 18 "C before being grown at 18 "C on TSA.
Clone studies
To determine whether F41 structures were preferentially expressed by some clones and straight fimbriae by others, clone studies were done as described in Methods. Five clones of variant B41A exhibited only F41 structures when the first observation was made, but 15 d later some straight fimbriae were seen with the F41 structures on the cell surface of two of the clones. This showed that straight fimbriae and F41 structures could be expressed by one bacterium from the same clone.
Among clones isolated from the serologically F41-negative variants B41B1 and B41B2 and examined immediately after isolation, three out of five clones of each variant exhibited a few F41 structures, i.e. less than 5 in 50 cells observed. Straight fimbriae were only observed at the surface of one cell of one clone of variant B41B1, which also exhibited occasional F41 structures.
DISCUSSION
We have described three types of surface structures on cells of reference strain B41 of bovine enterotoxigenic E. coli: K99 fimbriae (diameter 3 nm), coiled structures (diameter 17-20 nm) which were probably F41, and straight fimbriae (diameter 7 nm) resembling type 1 fimbriae.
Previous investigations on the structures of K99 and F41 adhesins by transmission electron microscopy have used either negative staining or shadow casting. PTA or its sodium or potassium salts (van Embden et al., 1980; Awad-Masalmeh et al., 1982; Morris et al., 1982; Chanter, 1982) and uranyl acetate (de Graaf et al., 1981 ; de Graaf & Roorda, 1982; Jacobs & de Graaf, 1985) have been used preferentially. Negative staining with ammonium molybdate was also used by van Embden et al. (1980) , but no difference was reported between this and PTA staining. We obtained the best results by direct harvesting of strains into ammonium molybdate, a procedure which has also been successfully used to visualize colonization factors CFA/I and surface antigens 1 and 3 of human ETEC strains (Levine et al., 1984; Knutton et al., 1984) . Surface structures on bovine ETEC strain B41 993
Direct harvesting of the cells into the negative stain to prevent clumping of cells of some K99 strains was reported by van Embden et al. (1980) , who found no differences with this method from results obtained when bacteria were first layered on the grid before staining. In the present study the F41 structures observed appeared identical whatever the stain and staining procedures used, which excluded the possibility of some staining artefact. K99 fimbriae were easily identified, because they were present on the cell surface of strain B41 and of K99-positive transconjugants H5 lO(2) and B41 *DB, but neither on K99-negative strains or variants (B41A, B41*C, B41B1, B41B2, B41*CB) nor on recipient strain H510a. The morphology of K99 fimbriae was consistent with previous observations of these on either entire cells of bovine ETEC strains (van Embden et al., 1980; Chan et al., 1984) or in purified extracts (de Graaf et al., 1981; Jacobs & de Graaf, 1985) . In contrast, Isaacson (1977) showed purified K99 fimbriae from a B41 x E. coli K12 transconjugant, with a diameter of between 7-0 and 9-8 nm (mean 8.4 nm). Since the electron microscopic procedures used were basically the same as in this work, it is possible that the K99 fimbriae were morphologically modified as a consequence of the purification procedure, since sometimes they seemed to consist of thinner filaments joined side by side and in other cases they looked like broken type 1 fimbriae. Other studies on the structure of K99 fimbriae have used shadow casting, which does not allow the determination of the precise morphology or diameter of the fimbriae (Burrows et a/., 1976; de Graaf et al., 1980; Chan et al., 1984) .
In this study, the presence of coil-like structures correlated with the expression of F41 serological and haemagglutinating properties. In addition, coiled structures were no longer observed when F41-positive strains and variants were grown at 18 "C, a temperature which is known to inhibit F41 synthesis (de Graaf & Roorda, 1982;  Morris et al., 1982) . These results strongly suggest, that, in the strains studied, F41 had a coiled morphology. Previous reports have never described F41 structures with a coiled morphology, but rather suggested they were fimbria-like (Morris et al., 1983 , Awad-Masalmeh et al., 1982 . These results may have been due to culture conditions (Awad-Masalmeh et al., 1982) : growth in liquid static medium is known to favour the expression of type 1 fimbriae. Nevertheless, we still observed coiled structures when we grew our strains on sheep-blood agar as did Morris et al. (1983) . Use of shadow casting does not allow precise description of structures , which could explain why Chan et al. (1984) were unable to distinguish F41 from K99 structures in bovine strains bearing both of them. The fact that previous investigators have not seen coiled F41 structures is perhaps not surprising, since we saw these structures on the surface of variant B41A only after numerous observations, and particularly after the development of the ammonium molybdate staining technique. Also, unlike previous investigators, we had F41 -negative variants for comparison.
Some previous reports have been more in agreement with our observations: in purified preparations de Graaf & Roorda (1 982) and Jacobs & de Graaf (1 985) described F41 structures as thin curled threads (diameter 3.2-3.5 nm). Their results were consistent with the width of the filaments which we suggest as forming coiled structures. The irregular structures of the anionic adhesin isolated by Chanter (1983) from a K99-negative variant of strain B41 were similar to our coiled structures in appearing as separated parallel filaments always in pairs.
Coiled structures looking very similar to our F41 structures have been described on the cell surface of some strains of E. coli 075, isolated from human faeces and from patients with urinary tract infections (Vaisanen-Rhen, 1984) . However, our observations of uncoiled structures and thin filaments which could constitute the F41 structures were not seen by Vaisanen-Rhen (1984) , who compared the E. coli 075 coil-like structures to streptococcal pyocins.
Variants B41B1 and B41B2 (K99-F41-) still exhibited a very small number of F41 structures, which were expressed by more than half the clones studied. Absence of agglutination with anti-F41 serum of strains correlated with failure of mannose-resistant haemagglutination (MRHA) with sheep erythrocytes, which does not exclude the possibility that variants were still able to synthesize F41 adhesin in amounts undetectable by those tests. Weak MRHA with guinea-pig erythrocytes has been noted in variants B41B1, B41B2 and B41*CB (Bertin, 1985) and could be due to the very small numbers of F41 structures we visualized. Indeed, MRHA due to presence of F41 adhesin has been reported to be stronger with guinea-pig than with sheep erythrocytes (de Graaf & Roorda, 1982; Ollier & Girardeau, 1983) .
Straight fimbriae (diameter approximately 6.5-7 nm) were observed on the surface of strains B41 and K12 C600 (E. coli K12 is known to produce common fimbriae: Brinton, 1965 ) and of variants bearing K99 and/or F41 or neither. In addition, these fimbriae were still expressed after culture at 18 "C, so they could not be K99 or F41 structures. Chanter (1983) has also described such fimbriae at the surface of a K99-negative variant of strain B41. The straight fimbriae we observed resembled common fimbriae in their morphology (straightness and diameter) and in the culture conditions which affect their expression, i.e. enhancement by subcultures in static TSB and inhibition by subcultures on TSA (Duguid & Gillies, 1957; Old & Duguid, 1970) . Nevertheless, further studies on their antigenic and haemagglutination properties are necessary to conclude definitely that they are common fimbriae.
The presence of structures resembling common fimbriae and of other morphologically distinct fimbrial structures on the same strain of E. coli has been previously reported, for both a K99-bearing strain (van Embden et al., 1980) and an F41-bearing strain . has suggested that, in a given cell, one structure excludes the other. In contrast, our clone studies showed that both F41 and common-fimbria-like structures could be expressed by the same cells of variant B41A. The failure of to observe both structures on the same cell could have been due to the shadow-casting procedure used, which does not allow the distinction of one structure present in small amounts from another which is predominant.
Initial observations showed very few straight fimbriae at the cell surface of variant B41A. The possibility of these structures being conjugative pili was considered, since variant B41 A still possessed plasmids of strain B41, one of which has been reported as being self-transmissible (Bertin, 1983) . However, conjugative pili of strain B41 have been described by Bradley (1985) as fimbriae thicker and more flexible than those observed in this study.
Multiple surface structures, expressed under different growth conditions or not easily visualized, have confused identification of ETEC adhesins. In this report, extensive examination of strains and variants with different staining procedures and after growth in different conditions has permitted us to describe three distinct surface structures on strain B41: K99 fimbriae; structures which are very probably the F41 adhesin; and structures resembling common fimbriae. Further studies are necessary to identify the F41 structure on other F41-positive E. coli strains and to localize the F41 antigen by immuno-electron microscopy.
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